Tropical montane cloud forests are among the most vulnerable terrestrial ecosystems to climate change 1-3 owing to their restricted climatic requirements and their narrow and fragmented distribution 4 . Although 12% of Mexican cloud forest is protected, it is not known whether reserves will ensure the persistence of the ecosystem and its endemic species under climate change. Here, we show that 68% of Mexico's cloud forest could vanish by 2080 because of climate change and more than 90% of cloud forest that is protected at present will not be climatically suitable for that ecosystem in 2080. Moreover, if we assume unprotected forests are cleared, 99% of the entire ecosystem could be lost through a combination of climate change and habitat loss, resulting in the extinction of about 70% of endemic cloud forest vertebrate species. Immediate action is required to minimize this loss-expansion of the protected-area estate in areas of low climate vulnerability is an urgent priority. Our analysis indicates that one key area for immediate protection is the Sierra de Juárez in Oaxaca. This area supports many endemic species and is expected to retain relatively large fragments of cloud forest despite rapid climate change.
climate projections 7 our distribution modelling was based on a consensus approach using seven global circulation predictions based on the Special Report on Emissions Scenarios (SRES) A1B emissions scenario (see Methods). We preferred the use of the global circulation models instead of building a regional climate model for Mexico because of the potentially limited accuracy of a regional model 9 . Owing to strict climatic requirements, slow growth, short dispersal distances, poor competitive ability and an archipelagic distribution, it is likely that the rate at which suitable conditions for cloud forests are reduced spatially will be orders of magnitude greater than the potential expansion rate of cloud forests 4 . There is evidence of long-distance dispersal of cloud forests' seeds 6 ; however, even assuming that propagules arrive in an area with suitable climatic conditions (and no competition), they would still need between 200 and 300 years to become established. For this reason, we restricted predictions of suitable environments to areas within the present distribution of cloud forest, essentially assuming that cloud forest is unable to colonize new areas within the short time frame of this analysis (70 years). We derived the number of vertebrate species by searching the literature 5, 10 and updated it with data from the International Union for Conservation of Nature red list, AmphibiaWeb (http://amphibiaweb.org/), Avibase (http://avibase.bsc-eoc.org/), BirdLife International (http://www.birdlife.org) and experts (see Acknowledgements). We then estimated the persistence of these endemic species under both scenarios using two different approaches: first, the species-area curve; and second, the overlap of our models with distributional range maps for each species.
Climatically suitable areas for cloud forest in Mexico will decline by 68% to about 5,600 km 2 by 2080 (Figs 1, 2 and Table 1 ), so we expect the distribution of cloud forest to decline by at least this area. Protected areas cover about 12% of today's Mexican cloud forests, but the protected-area estate barely overlaps (<1%, covering 160 km 2 ) with areas that are climatically suitable for cloud forest in 2080 (Fig. 1 , see Methods). Regional analyses of the spatial distribution of protected areas highlight the unfortunate location of most of them (Table 1) . Chiapas (box C in Fig. 2 ), in the southeast of Mexico, has the largest extent of cloud forests (6,037 km 2 ) with (2) . Regional values for species sum to less than the total because some species occur in more than one region.
about a quarter of those forests protected at present (Table 1) . However, the climatic conditions predicted to occur in 2080 will be unsuitable for cloud forest across 87% of its present distribution in this region. Of this area, only about 33 km 2 (<1%) corresponds with remaining forest under our second scenario (Table 1 , box C in Fig. 2 ). The opposite is the case in Oaxaca (box B in Fig. 2 ), where only 175 km 2 (3%) of the 5,160 km 2 of cloud forests occurring there are protected at present. Of the present extent, about 2,326 km 2 (45%) is predicted to remain if no further anthropogenic clearing occurs, but only 66 km 2 will remain if all unprotected forest is cleared by 2080. These results identify a serious spatial mismatch between areas that are protected at present and those likely to remain after near-term climate change, and highlight the importance of considering the probability of persistence of cloud forests under climate change when designating areas for conservation.
According to our calculations based on a species-area curve, the loss of cloud forest directly attributable to climate change would lead to the extinction of 9 of the 37 vertebrates restricted to a region of Mexican cloud forest (see Methods and Table 2 ). Furthermore, if all unprotected cloud forest is cleared, we estimate that 26 endemic vertebrate species could be lost across the Mexican cloud forest as a whole (see Methods). The results of overlapping the distributional range maps were even more striking, with the geographic ranges of 18 of the 37 vertebrate species overlapping by less than 10% with climatically suitable areas for cloud forests in 2080 (Supplementary Table S2 ). The distributions of 30 species did not overlap at all with climatically suitable areas remaining within protected areas in 2080 (Supplementary Table S2 ). Chiapas was one of the regions proportionately most exposed to losses of endemic species, with one of its three endemic species threatened under the first scenario and two species under the second scenario (box C in Fig. 2 , Table 2 ). In contrast, in Oaxaca between 15% and 65% of the 26 species restricted to cloud forest in the region are expected to disappear according to our first and second scenario, respectively (box B in Fig. 2 , Table 2 ).
Cloud forest seems to be among the world's terrestrial ecosystems most vulnerable to short-term climate-change impacts. Our prediction of a loss of 68% of climatically suitable habitat for Mexican cloud forest is consistent with the loss of 65% of Costa Rican cloud forest predicted in 1992 (ref. 11). Although changes in climate and land use are not the only threats to cloud forests, they could catalyse the impact of other threats, such as chytridiomycosis, the fungal infection that is affecting large numbers of amphibian species in the tropics 1, 12 . Adjustments in cloud forest assemblages in response to climate change are already noticeable in other parts of the world (for example, Costa Rica 1 ). The decline in climatically suitable areas for cloud forest may not result in the immediate loss of the cloud forest, but the vegetation communities will probably be transformed as the ecological processes that structure them are altered by a changing climate 13 . Recent studies have analysed the impacts of deforestation on cloud formation over cloud forests 7 , the shifting trends in regional precipitation and fog frequency 7 , and the impacts of fire due to climate changes 7 . However, we have delineated the areas of high climatic vulnerability and shown how poorly protected areas are aligned with those vulnerable areas, as well as predicted the loss of endemic species as a result of climate change.
Deforestation in Latin America's tropical areas is expected to be one of the most serious biodiversity impacts in the region 14 . The deforestation rate in Mexico during the second half of the twentieth century is among the highest in the world [15] [16] [17] and the 1.1% annual deforestation rate of montane tropical forests is the highest among all tropical vegetation types 6 . We therefore expect that the most likely scenario is for cloud forest to become increasingly restricted to protected areas. It would be interesting to model future deforestation empirically using recently available techniques based on environmental and socio-economic parameters (see refs 18,19 for a review). Nonetheless, in the case of Mexico at least, the present protected-area estate barely overlaps with places where forest will persist in a rapidly changing climate.
Several actions could be taken to enhance the persistence of the Mexican cloud forests. A first could be to increase the number of protected areas in regions of predicted climatic suitability for forest persistence. This could prevent land-use change from eliminating LETTERS tracts of cloud forest that are buffered from climate change. However, the participation of traditional land owners is required if new protected areas are designated. One candidate for protection is the Sierra de Juárez (box B in Fig. 2 ), a region of high endemism (Fig. 3) where much of the large fragment of cloud forest seems likely to remain climatically suitable for that habitat type until at least 2080 (box B in Fig. 2 ). Of the 157 priority species that the Alliance for Zero Extinction 20 (www.zeroextinction.org) identified across Mexico, 22 occur only in the Sierra de Juárez and the area has been designated as an Alliance for Zero Extinction site. Given that land clearing does still occur within protected areas 21 , protection of new sites alone might be insufficient. Improved management of existing protected areas will also enhance the conservation status of Mexican cloud forests and their species, and more radical conservation interventions such as assisted colonization 22, 23 of species occurring in areas of high climatic vulnerability might be worthwhile in this instance, not least because many species endemic to cloud forest have narrow and fragmented global distributions. Finally, if bold measures are not taken very soon to reduce the concentration of greenhouse gases, these forests are unlikely to survive in their present configuration and with anything near their present diversity very far into the twenty-first century.
Methods
Modelling the distribution of cloud forest. We used Maxent version 3.33 (ref. 24 ), a presence-only distribution-modelling algorithm, to model the present extent of Mexican cloud forest based on climatic variables, then projected this model to future climate scenarios for 2080. We obtained a map of present cloud forest distribution from the Mexican government 25 and converted this into a one-kilometre presence/absence grid for analysis. We randomly selected 1,317 grid cells (square root of the total extent) to use as presence points to train the model and generated 30,000 background points across Mexico. We evaluated model performance using tenfold cross-validation, and calculated the mean area under the receiver operating characteristic curve (AUC; ref. 26) . We used the AUC as a metric to compare among models without using thresholds. The AUC indicates the probability that a randomly chosen presence site will be ranked above a randomly chosen absence site 24 . An AUC score above 0.7 is considered good model performance 27 . Resulting mean AUC values of all models were between 0.961 and 0.962, indicating excellent prediction of present-day cloud forest distribution and confirming the utility of these models for making projections of future forest distributions. We converted the logistic output from Maxent into a presence/absence grid using the threshold at which training sensitivity equalled specificity 28 , in other words, where positive and negative observations have an equal chance of being correctly predicted 27 .
Uncertainty. To account for the uncertainties inherent in climate projections we took a consensus approach using seven global circulation models based on the SRES A1B emissions scenario. This is represented in Supplementary Fig. S1 , darker blue and red colours indicate increasing certainty in predictions of presence or absence of cloud forest, respectively. We assumed that if climate data from a majority of global circulation models (four or more) predicted presence in an area, the balance of evidence was that the area would retain cloud forest in 2080 (all blue colours in Supplementary Fig. S1 ). If fewer than four models predicted presence, our consensus model indicated forest loss (all red colours in Supplementary Fig. S1 ). We used this threshold of agreement among four models to report our primary results on the future distribution of cloud forest and the extinctions of endemic species, and sensitivity analysis indicated that the results were robust to the exact choice of threshold (see Supplementary Information) .
Climate data. Present climate data were obtained from WorldClim 29 version 1.4 at a resolution of 30 arcsec. Some authors have criticised the performance of WorldClim in montane systems because considerable variation in temperature can occur within one square kilometre 30 . However, others have demonstrated that WorldClim reflects well the data from weather stations in close proximity to cloud forests 31 . Future climate predictions at the same resolution for 2080 based on the SRES A1B scenario 32, 33 were obtained from the International Centre for Tropical Agriculture (ref. 33) for seven alternative global circulation models, namely CCCMA-CGCM31, CSIRO-MK30, IPSL CM4, MPI ECHAM5, NCAR CCSM30, UKMO HADCM3 and UKMO HADGEM1. These models predict an increase in global mean temperature of between 1.7 and 4.4 • C, thus covering a wide range of possible future climates. Scenario A1B is an emissions scenario reflecting balanced energy sources. It is part of the A1 family of scenarios representing an integrated world with fast economic growth and with a rapid spread of new and efficient technologies 32 .
We selected the following biologically relevant climate variables for developing the distribution models: annual mean temperature, temperature seasonality, mean temperatures of the coldest and warmest quarters, annual mean precipitation, precipitation seasonality and mean precipitation of wettest and driest quarter 29 . We also used data on soil types to characterize areas suitable for cloud forest formation 34 . Factors such as cloud frequency, fog presence and wind speed and direction may significantly affect the formation and maintenance of cloud forests, but as there are no reliable data on their likely trajectories under future climates we couldn't consider them directly here 7 . We discarded altitude as a predictor because it is a surrogate for climatic variables rather than a direct driver of habitat suitability.
Estimating extinctions of endemic species. Cloud forests have a fragmented distribution, so we calculated the impact of habitat loss on species persistence separately for six regions in the Mexican cloud forest system. Forty-two vertebrate species of Mexican cloud forest endemics with available distributional range maps that overlapped present cloud forest are restricted to one region only (Supplementary Table S1 ). This figure was calculated based on the only list of vertebrates for Mexico 5 but updated with data from the International Union for Conservation of Nature red list, AmphibiaWeb, Avibase, Birdlife International, literature 10 and experts (see Acknowledgements). To estimate the number of endemic species at risk of extinction through habitat loss we followed two approaches: first, a simple species-area relationship 3 ; and second, overlapping the range maps with our consensus models to predict which parts of the geographic distributions of species will be lost and which will remain. Species-area relationship. The species-area relationship had the form of S = cA z where S is the number of species, A is habitat area and c (the y-intercept) and z (the slope) are constants. We used z = 0.25 given that cloud forest is a fragmented habitat with high species richness 35 . Values of A corresponding to present cloud forest, its predicted future extent under climate change and the remaining cloud forest that overlaps protected areas are, respectively, A 0 = 17,274 km 2 , A 1 = 5,557 km 2 and A 2 = 151 km 2 . Values of A, together with species richness and extinction estimates for these regions, are shown in Table 2 .
Geographic distributions. We overlaid the distributional range maps for each species with: first, the present distribution of cloud forests (CF 2010; Fig. 3 ; Supplementary Table S1); second, the present cloud forest within a protected area (CF PA 2010; Supplementary Table S1); third, our consensus model of suitable areas of cloud forest distribution under a climate-change scenario for 2080 (CF 2080; Supplementary Table S1); and fourth, the suitable areas for cloud forests within protected areas for 2080 (CF PA 2080; Supplementary Table S1 ; assuming that land-use change will result in all unprotected forest being cleared).
